Autophagy is an evolutionarily conserved process that is essential for cellular homeostasis and organismal viability in eukaryotes. However, the extent of its functions in higher-order processes of organismal physiology and behavior is still unknown. Here, we report that autophagy is essential for the maintenance of balance in mice and that its deficiency leads to severe balance disorders. We generated mice deficient in autophagin-1 protease (Atg4b) and showed that they had substantial systemic reduction of autophagic activity. Autophagy reduction occurred through defective proteolytic processing of the autophagosome component LC3 and its paralogs, which compromised the rate of autophagosome maturation. Despite their viability, Atg4b-null mice showed unusual patterns of behavior that are common features of inner ear pathologies. Consistent with this, Atg4b-null mice showed defects in the development of otoconia, organic calcium carbonate crystals essential for sense of balance (equilibrioception). Furthermore, these abnormalities were exacerbated in Atg5 -/-mice, which completely lack the ability to perform autophagy, confirming that autophagic activity is necessary for otoconial biogenesis. Autophagy deficiency also led to impaired secretion and assembly of otoconial core proteins, thus hampering otoconial development. Taken together, these results describe an essential role for autophagy in inner ear development and equilibrioception and open new possibilities for understanding and treating human balance disorders, which are of growing relevance among the elderly population.
Introduction
Autophagy is a degradative process in which portions of cytoplasm are engulfed by a double-membrane vesicle called the "autophagosome." Once autophagy is completed, the autophagosome fuses with a lysosome, and its content and inner membrane are degraded by hydrolases and recycled (1) . Genetic studies on yeast have identified more than 20 autophagy-specific (Atg) genes that are required for autophagosome formation (2) . Among yeast Atg genes, Atg8 encodes a protein that forms part of a ubiquitin-like conjugation system essential for autophagy execution (3) . Atg8 protein is synthesized as a cytoplasmic precursor, which is cleaved after a Gly residue by the cysteine proteinase Atg4 (4) . This initial proteolytic processing is required for the subsequent conjugation of Atg8 with membrane-bound phosphatidylethanolamine (PE), which is in turn essential for autophagosome completion (5) . The complex Atg8-PE is also deconjugated by the protease Atg4, facilitating the release of Atg8 from membranes. This modification system is conserved in higher eukaryotes including mammals (6) . We previously identified and cloned the 4 human orthologs of the yeast proteinase Atg4 (7) , and parallel studies have revealed that there are at least 6 orthologs of yeast Atg8 in mammals (microtubule-associated protein 1 light chain 3α [LC3A], microtubuleassociated protein 1 light chain 3β [LC3B], microtubule-associated protein 1 light chain 3γ [LC3C], GABARAP-like 2 , GABA(A) receptor-associated protein [GABARAP] , and GABARAP like 1 [ATG8L]) (8) (9) (10) . Currently, it is unclear why mammals have developed this array of closely related enzymes, contrasting with other essential autophagy genes such as Atg3, Atg5, or Atg7 for which a single ortholog is present in the mammalian genome.
To get insights into the in vivo roles of this complex system, we generated mutant mice deficient in autophagy-related 4B (Atg4b -/-mice). Although they were viable, these mice exhibited a clear reduction of basal- and starvation-induced autophagic flux in all tissues, which is caused by a deficit in the initial proteolytic cleavage of Atg8 murine orthologs. This finding indicates that autophagin-1 (Atg4b) has a major functional role in the context of autophagy in mammals. In addition, Atg4b -/-mice showed a balance-related behavioral phenotype that is linked to profound inner ear developmental defects. We also report that these abnormalities were exacerbated in Atg5 -/-neonates that were totally autophagy impaired, confirming that autophagic activity is essential for otoconial biogenesis. Finally, we analyzed the molecular mechanisms underlying these abnormalities and found that autophagy deficiency impairs the secretion and assembly of otoconial core proteins into vestibular lumen, resulting in the otoconial development defects and the behavioral balance disorders exhibited by Atg4b -/-mice. line A029E06 (German Genetrap Consortium [GGTC] ), in which the cassette pT1betageo was inserted into the first intron of the Atg4b gene ( Figure 1, A and B) . Following heterozygote intercrossing, Atg4b-deficient, heterozygous, and WT mice were obtained at the expected Mendelian ratio. Homozygosity for the mutation was demonstrated by Southern blot ( Figure 1C ), and the absence of both the transcript and the protein was verified by RT-PCR and immunoblotting ( Figure 1 , D and E), indicating that the insertional mutation results in a null allele. Despite the Atg4b deficiency, the embryonic development of Atg4b-null mice was apparently normal. Homozygous mutant mice reached adulthood (at the time this manuscript was accepted for publication, the oldest animals were 16 months old) with no excess mortality, were fertile, and did not present any obvious histopathological or biochemical alteration (data not shown). Taken together, these data suggest that Atg4b is dispensable for embryonic development as well as for adult growth and fertility.
Autophagic flux alterations in Atg4b-deficient mice. Previous studies have shown that severe autophagy impairment results in perinatal lethality in mice (11) , while partial or tissue-specific autophagy defects are compatible with survival (12) . Hence, the apparent normal development and health of Atg4b -/-mice suggests the absence of a major autophagic defect. To test whether Atg4b disruption leads to a reduction of autophagy compatible with postnatal viability or to a tissue-specific autophagy impairment, we prepared tissue extracts from mutant and control mice fed ad libitum and performed immunoblotting studies of the adaptor protein p62/ sequestosome-1, whose levels negatively correlate with autophagic flux (13) . p62 protein levels were clearly increased in a variety of mutant mouse tissues, as compared with their corresponding WT controls (Figure 2A ), and this increase was accompanied by an accumulation of ubiquitylated proteins ( Figure 2B ). Immunofluorescence analyses of Atg4b -/-cells confirmed the presence of p62-positive aggregates ( Figure 2D ) that contained ubiquitylated proteins, as a sign of impaired autophagy (14) . Very recently, it has been shown that overexpression of p62 itself leads to proteasome impairment and thus to the accumulation of ubiquitylated proteins (15) . To evaluate whether the increase of p62 protein levels in Atg4b -/--derived tissues corresponds to a reduction in autophagic flux or to an increase in p62 mRNA synthesis, we analyzed the relative expression levels of p62 in WT and Atg4b -/-livers by quantitative RT-PCR. As can be seen in Figure 2C , p62 expression levels in Atg4b -/-mice were comparable to those observed in control mice. We also analyzed proteasome activity of Atg4b -/-MEFs, as p62 levels can increase after proteasome impairment (16) . As shown in Supplemental Figure 1 (supplemental material available online with this article; doi:10.1172/JCI42601DS1), proteasome-dependent protein degradation was comparable between Atg4-deficient and WT MEFs, thus confirming that basal autophagy flux is reduced in Atg4b -/-mice.
Next, we comparably assessed p62 protein levels in distinct tissues obtained from WT and Atg4b -/-mice that were fed ad libitum or subjected to starvation for 24 or 48 hours. As shown in Figure 2E and Supplemental Figure 2A , p62 protein levels decreased after starvation in control mice in a tissue-dependent fashion, especially after 48 hours of starvation. These observations are consistent with previous reports that suggest a differential tissue-dependent autophagy induction pattern after starvation (17, 18) . Tissues from Atg4b -/-mice exhibited a similar tissue-specific pattern in p62 reduction after starvation as WT mice. However, the p62 protein levels were always higher in mutant mice tissues than in those from WT mice subjected to the same starvation conditions ( Figure 2E and Supplemental Figure 2A ). Collectively, these data demonstrate that disruption of Atg4b leads to a decrease but not to a complete disruption of autophagic flux, thus explaining why Atg4b -/-mice do not show perinatal lethality, as previously reported for other models of total autophagy impairment (11, 19) .
Atg4b disruption leads to alterations in Lc3, Lc3a, Gabarap, and Atg8l status in vivo. To determine the mechanisms accounting for the reduced autophagic flux of Atg4b -/-mice, we first performed a series of immunoblotting analyses of Lc3a, Lc3b (referred hereafter simply as Lc3), Gate-16, Gabarap, and Atg8l, all of which are puta- tive Atg4b substrates. These proteins are the murine orthologs of yeast Atg8 and have been detected in autophagosome membranes, and their lipidation status is associated with the rate of autophagy activation, especially in the case of Lc3 (20, 21) .
With the exception of Gate-16, all other Atg8 orthologs were altered in tissues from Atg4b -/-mice fed ad libitum ( Figure 3A ). In the case of LC3, Atg4b -/-samples presented very low levels of Lc3-II and an accumulation of an Lc3 form with the same electrophoretic mobility than LC3-I. This band might correspond to unprocessed pro-LC3, whose maturation may be severely impaired in the absence of Atg4b, and would present an electrophoretic mobility similar to LC3-I. To clarify this question, we produced recombinant LC3 in E. coli, which lacks any Atg4-like protease. As shown in Supplemental Figure 2B , there was no difference in the mobility of bacterially expressed pro-LC3 and LC3-I or the LC3 form observed in Atg4b -/-samples, thus suggesting an impairment of the initial processing of pro-LC3 in the absence of Atg4b that would lead to pro-LC3 accumulation. In addition, we also detected additional LC3-related bands in some Atg4b -/-tissues, which were absent in WT samples and likely correspond to intermediate degradation products of pro-LC3, which extensively accumulates in the absence of Atg4b protease ( Figure 3A and Supplemental Figure 2B ). These observations suggest that LC3 maturation is strongly reduced in Atg4b -/-mice. Regarding Gabarap, Atg8l, and Lc3a, we could only detect the bands corresponding to non-lipidated forms of these Atg8 orthologs in tissues from WT or mutant mice, but their levels were clearly reduced in Atg4b -/-samples ( Figure 3A) . Quantitative RT-PCR expression assays did not reveal any significant difference in the abundance of mRNAs coding for these Atg8 orthologs ( Figure 3B ), indicating that the observed changes are not caused by transcriptional alterations. After starvation, the status of Gabarap and Atg8l in Atg4b -/-mice remained similar to that observed in WT mice tissues, although their levels were always lower in Atg4b -/-samples (Supplemental Figure 2 ). In the case of LC3, we observed a certain degree of lipidation in Atg4b -/-liver and skeletal muscle after prolonged starvation (Supplemental Figure 2) , suggesting the existence of a residual Atg4-like activity in the absence of Atg4b.
We next studied the subcellular distribution of Atg8 orthologs in fed and starved WT and Atg4b -/-MEFs. Consistent with previous findings, we detected a clear increase of endogenous Lc3, Atg8l, or Gabarap-positive dots corresponding to autophagosomes in starved WT cells (20) (21) (22) . In contrast, we detected Lc3, Gabarap, or Atg8l-positive dots only occasionally in Atg4b -/-cells, especially after starvation conditions, but always at lower numbers than in WT cells (Figure 3, C and E) . These results show that the autophagy- Atg4b disruption leads to defects in the proteolytic processing of Lc3, Lc3a, Gabarap, Gate-16, and Atg8l. The aforementioned data suggest that the absence of Atg4b impairs the autophagy-related function of most Atg8 orthologs. To test whether the functional alterations in Atg8-like proteins are related to a defect in the proteolytic cleavage of these putative Atg4b in vivo substrates, we hydrodynamically delivered N- and C-terminal-tagged cDNAs of these proteins into Atg4b -/-or WT livers (24) . After hydrodynamic delivery of Lc3 cDNA, we detected the bands corresponding to tagged Lc3-I and Lc3-II in WT extracts. In contrast, a single major band corresponding to unprocessed Lc3 and a series of additional bandslikely corresponding to intermediate degradation products of unprocessed pro-LC3 - were detected in Atg4b -/-mice ( Figure 4A ). Similarly, processing of Gabarap was detectable in WT livers, while Atg4b -/-livers contained a major band corresponding to the unprocessed Gabarap and some additional bands with increased electrophoretic mobility ( Figure 4B ). In the case of Atg8l, the main detected band in mutant samples corresponded to the uncleaved form of this protein, although we also detected a minor band probably corresponding to the processed form of Atg8l ( Figure 4C ). Finally, the cleaved form of Gate-16 appeared more abundant in Atg4b -/-samples than that corresponding to the unprocessed form ( Figure 4D ), which is in line with the lipidation status and subcellular distribution of this protein in Atg4b -/-mice ( Figure 3A) .
In summary, our results confirm that in the presence of Atg4b, Atg8 murine orthologs are rapidly cleaved, as we could not detect any band corresponding to the unprocessed forms of the doubletagged Atg8-like proteins in WT samples. By contrast, in liver extracts from Atg4b -/-mice, we detected a series of bands corresponding to the uncleaved forms of these proteins, indicating that Atg4b is required for the efficient processing of murine Atg8 orthologs. However, the detection of a residual amount of the cleaved products from these proteins in liver extracts from Atg4b -/-mice is compatible with a partial reduction of autophagic flux.
Balance dysfunction and inner ear abnormalities in Atg4b -/-mice. The finding of autophagy impairment in Atg4b -/-mice prompted us to perform an exhaustive phenotype characterization of these animals, in search of putative alterations that might have escaped to our initial analyses. We first carried out rotarod testing to monitor motor coordination, and found that Atg4b-null mice performed poorly compared with their corresponding controls ( Figure 5A ). In addition, we observed that a certain number of mutant mice (approximately 25%) were not susceptible to rotarod analysis, as they repeatedly fell down after a few seconds of testing. We noticed that these animals exhibited an abnormal behavior characterized by a tilted position of the head, circling movements, and a marked tendency to crawl and walk backwards when placed outside their cages ( Figure 5B and Supplemental Video 1). In addition, when subjected to the Porsolt forced swim test (25) , these affected mutant mice were unable to swim or float, exhibited profound disorientation, rotated under water, and had to be rescued from drowning ( Figure 5B ).
It has been reported that autophagy ablation in the CNS leads to massive apoptosis and neurodegeneration, linked to ataxia-like phenotype and to profound motor uncoordination (26, 27) . Thus, we extensively analyzed the CNS of severely affected Atg4b -/-mice to search for any sign of neurodegeneration that might account
Figure 4
Immunoblot analysis of hydrodynamically delivered, tagged Atg4b substrates. Mice were injected with mammalian expression vectors containing tagged cDNAs for Lc3 (A), Gabarap (B), Atg8l (C), and Gate-16 (D) through the tail vein to achieve transient transgene expression in vivo. Liver protein extracts from injected WT and Atg4b -/-mice were subjected to immunoblotting. Note that the absence of Atg4b impaired the processing of all of proteins, although its impact on Gate-16 was lower than in Lc3, Gabarap, and Atg8l. Unknown bands, which likewise corresponded to partial degradation products, are denoted by asterisks. β-Actin was used as a loading control. for the observed motor and behavioral phenotype. However, we did not find any increase in apoptosis or any significant histological alteration pointing to a CNS-related disorder (Supplemental Figure 3) . Given that many inner ear disorders can also lead to behavioral alterations, dyskinesis, and balance-related pathologies similar to those observed in Atg4b -/-mutant mice (28) , and considering that p62 accumulation and Atg8 ortholog maturation defects were observed in the inner ears of Atg4b -/-mice ( Figure 2A and Figure 3A) , we performed an exhaustive characterization of the ears of the affected mice. Gross examination of the middle ear and membranous and bony labyrinths revealed no obvious macro-anatomic defects. Similarly, optical and electron microscopy analyses of the inner ear confirmed that cochlea and other structures such as semicircular channels did not present any significant alteration (data not shown). However, we observed a clear developmental defect in the vestibular otoconia of mutant mice. Otoconia consist of multiple calcium carbonate crystals that overlie the vestibular (utricle and saccule) macular sensory epithelium and are required for the spatial detection of gravity and linear acceleration (28) . As shown in Figure 5 , C and F, many of the affected mutant mice
Figure 6
The correct localization of otoconial core proteins is dependent on autophagic activity. (A) Representative immunofluorescence images of endogenous otolin, otopetrin, and Oc90 proteins in utricles from WT and Atg5 -/-E15.5 embryos showing their mislocalization in the absence of autophagy. Both otolin and otopetrin presented a similar intracellular localization both in WT and Atg5 -/-samples but were only detected in utricle lumen in autophagy-competent embryos (arrows). Oc90 (right) was mainly detected in WT samples inside utricle lumen, both at the developing otoconia (asterisk) and as a proteinaceous coral-like structure (arrows). In addition, Oc90 was also detected covering utricle epithelial and sensory cells in WT samples (arrowheads in top panels). In contrast, in Atg5 -/-samples Oc90 was only detected inside nonsensory vestibular cells (arrowheads in bottom panels). (B) In P1 WT neonates, otolin and otopetrin were mainly detected in otoconial cores (arrows), whereas this localization was not observed in Atg5 -/-samples. Similarly, in WT samples Oc90 was mainly detected in otoconial cores (right panel and arrow in left panel). In autophagy-impaired neonates, Oc90 localized both in utricle lumen, forming proteinaceous coral-like structures (right panel and arrows in left panel), and inside non-sensory cells (arrowheads). Scale bars: 50 μm (otolin, otopetrin, and left Oc90 panels); 30 μm (right Oc90 panels).
totally lacked otoconia in the utricle and saccule, whereas others presented mildly abnormal or giant otoconia, both of which are common features of profound otoconial developmental defects (29) . In contrast, unaffected mutant mice mostly presented mildly abnormal otoconia in one or both ears ( Figure 5F ). This partial penetrance of Atg4b disruption may be related to the previously reported functional redundancy within the autophagin family (18) or to the presence of modifier loci, as the Atg4b -/-mice used in this study had a mixed-strain background. However, partial penetrance is often observed in balance disorders (28) , and the reasons for this are unknown. At the ultrastructural level, utricular and saccular regions from affected Atg4b -/-mice presented an accumulation of abnormal extracellular vesicle-like structures, which are precursors of mature otoconial crystals (globular substance) (30) . In mutant mice, these structures were characterized by the presence of additional internal vesicles and by a less dense content than that observed in WT samples, suggesting impairment in globular substance cargo packaging (Supplemental Figure 4) .
Autophagy is essential for proper vestibular otoconia formation in mice.
The connection between Atg4b deficiency and otoconial abnormalities was unexpected. Thus, we decided to analyze whether this phenotype was related to the observed autophagy flux impairment of these mice or derived from putative new Atg4b functions different from autophagy. Otoconia formation begins at E14.5 and is near completion around E17.5, although the crystals continue to grow until P7. As a first approach to explore the putative implication of autophagy in otoconia formation, we analyzed the autophagic activity of vestibular cells at different embryonic stages in mice expressing an ubiquitous GFP-LC3 transgene (17) . Vestibular epithelial cells showed accumulation of GFP-LC3 dot-like structures - which are indicative of autophagy - at E15.5 ( Figure 5D ). To determine whether this observation might reflect a bona fide causal relationship between autophagy and otoconia formation, we analyzed the morphology of otoconia in Atg5 -/-mice, which are totally devoid of autophagic activity and die shortly after birth (11) . Since otoconial crystals are already formed at P1, we could test whether autophagy ablation has a major impact on otoconial development by analyzing vestibular morphology in Atg5 -/-neonate mice. Consistent with the findings in Atg4b -/-mice, the majority of inner ears from Atg5 -/-mice neonates lacked otoconia, whereas others presented few, giant, and abnormally shaped otoconia ( Figure 5E ). In addition, ultrastructural analyses of utricular and saccular regions from Atg5 -/-neonates revealed an accumulation of globular substance and a defect in its morphology similar to that observed in affected Atg4b -/-mice (Supplemental Figure 4) . Taken together, these results clearly demonstrate that autophagy impairment in vivo leads to a developmental defect in otoconial biogenesis. Interestingly, the morphology of Atg5 -/-otoconia was reminiscent of otoconia observed after intoxication with streptomycin, an aminoglycoside with vestibulotoxic side effects (31) . Indeed, MEFs cultured in presence of high doses of streptomycin showed a progressive cytoplasmic vacuolization linked to increased levels of p62 (Supplemental Figure 5) . It has been repeatedly reported that aminoglycoside vestibulotoxicity is linked to an increase in
Figure 8
Proposed model for the otoconial defects observed in autophagy-impaired mice. At the cellular level, Atg4b and Atg5 disruption affects autophagy by either reducing (Atg4b) or totally impairing (Atg5) autophagic activity. At the tissue level, these deficiencies lead to alterations in inner ear otoconial development. In fact, a severe reduction or a total disruption of autophagic flux in vestibular cells causes a dramatic impairment in the secretion and assembly of otoconial core proteins. This event is likely associated with transcriptional and other autophagy-dependent alterations of Ap-3 and Bloc-1 sorting complexes. All these cellular and tissue events lead to the development of abnormal or giant otoconia, or even to their total absence, finally resulting in the balance and coordination disorders observed in Atg4b -/-mice.
ROS production (32) . Thus, the fact that autophagy can also be inhibited by streptomycin could help explain aminoglycoside ototoxicity, as autophagy-impaired cells have an increased sensitivity to ROS-induced damage (19, 33) .
Autophagy impairment disrupts otoconial organic matrix. Although the precise mechanism of otoconial biogenesis in mammals is poorly understood, it is known that this process is initiated in a seeding phase, in which the epithelial cells surrounding the utricle/saccule lumen secrete otoconial proteins that form the core of the crystals in the vestibular lumen. Subsequently, CaCO 3 is sequestered by the proteinaceous matrix to form the mature crystal (28) . Thus, we analyzed the distribution of otoconial core proteins (Oc90, otopetrin, and otolin) in decalcified E15 and neonatal inner ears to test whether autophagy impairment could affect their localization. In this case, we focused our analyses on Atg5 -/-mice to exclude any ambiguous result derived from the incomplete phenotype penetrance of Atg4b mutants. Interestingly, we found that the localization of otoconial proteins is altered in the absence of autophagy at E15, especially in the case of Oc90 ( Figure 6A ). In fact, this protein is mainly detected in the utricle/saccule lumen and in the proteinaceous membrane covering vestibular epithelia in WT embryos. In contrast, Oc90 accumulates inside epithelial cells of the nonsensory epithelia of autophagy-impaired animals ( Figure 6A ), which suggests a possible defect in its secretion. Consistently, we observed a similar alteration for otolin and otopetrin at this stage ( Figure 6A ). In fact, although both proteins presented a similar distribution inside vestibular cells in both WT and mutant embryos, they only localized inside vestibular lumen in WT samples, mainly at the developing otoconia ( Figure 6A) .
In newborn mice, these proteins were mainly detected in otoconial crystal cores and in the cytoplasm of vestibular cells from WT mice, as previously reported (29, 34) . In autophagy-impaired mice, otolin and otopetrin were observed in the cytoplasm of epithelial and sensory cells, but not in the utricle/saccule lumen ( Figure 6B ). Only Oc90 was detected as a coral-like conglomerate inside the utricle/saccule lumen ( Figure 6A ). Interestingly, these coral-like conglomerates containing Oc90 were present in WT mice at E15 ( Figure 6A ) and have been reported to be characteristic of the early steps of otoconia formation (35) . Taken together, our analyses show that otoconial development is arrested in the absence of autophagy, presumably due to impaired assembly/secretion of the organic matrix of otoconia, as targeting of Oc90 or otopetrin genes results in impaired otoconial development in mice (29, 34) .
Autophagy-dependent otoconial abnormalities are linked to alterations in Ap-3 and Bloc-1 sorting complexes. Although the exact molecular mechanisms leading to otoconial abnormalities are not fully understood in many cases, alterations in vesicle sorting complexes are the most common determinant of this type of disorder (28, 36) . In fact, disruption of adaptor protein complex 3 (Ap-3) or biogenesis of lysosome-related organelles complex 1 (Bloc-1) activity affects intracellular vesicular trafficking and leads to defects in protein secretion and otoconial biogenesis (28, 37, 38) . Given that autophagy-impaired mice show a defect in the assembly/ secretion of otoconial core proteins into the vestibular lumen, we analyzed the status of several subunits of Ap-3 and Bloc-1 vesicle sorting complexes in Atg4b -/-and Atg5 -/-cells. As shown in Figure 7 , total protein and mRNA levels of Ap-3 and Bloc-1 subunits were reduced both in Atg4b -/-and Atg5 -/-cells. It is remarkable that the extent of this reduction was more pronounced in Atg5-deficient cells than in those lacking Atg4b, which is in line with the fact that Atg4b -/-cells retained certain autophagic activity ( Figure 7C ). Consistently, a prolonged pharmacological inhibition of autophagy in WT cells by 3-methyladenine also resulted in a clear reduction of mRNA levels for Ap-3 and Bloc-1 subunits ( Figure 7D ), confirming that autophagy inhibition impacts Ap3 and Bloc1 mRNA transcription. It is noteworthy that the observed reduction of Ap-3 and Bloc-1 protein levels is quantitatively more pronounced than their mRNA downregulation. In this regard, it has been shown that the absence of a certain subunit affects the stability of the whole sorting complex, thus leading to a reduction in the cellular protein content of the remaining subunits (39) . However, other possible mechanisms directly involving autophagic machinery in the stabilization of sorting complexes cannot be ruled out to explain this observation.
Taken together, these observations unveil what we believe is a novel and essential function of autophagy in otoconial development. Moreover, our results connect deficient autophagic activity to otoconial dysmorphy via defective Ap-3 or Bloc-1 sorting complexes.
Discussion
To date, the precise in vivo role of the 4 members of the Atg4 family of cysteine proteinases (autophagins) present in mammals has remained largely unknown. It is unclear why mammals developed this array of closely related enzymes, contrasting with other essential autophagy genes such as Atg3, Atg5, or Atg7, for which a single ortholog is present in the mammalian genome. Our first attempt to answer this question was based on the generation of autophagin-3/ Atg4c-deficient mice, which presented a minor phenotype (18) . With the generation of Atg4b-deficient mice, reported herein, we have not only progressed in our attempt to identify the in vivo physiological and pathological roles of autophagins, but also defined a new and unexpected function for autophagy in the context of mammalian development.
The effect of Atg4b absence on autophagy. The functional analysis of this cysteine protease has been hampered by the inherent limitations of the in vitro approaches previously used for its study. In this work, we have clarified the in vivo function of Atg4b in autophagy by showing that the absence of this protease leads to a defect in the initial proteolytic processing of several murine orthologs of Atg8, in particular Lc3, Gabarap, and Atg8l. The Atg4b knockout causes a drastic reduction in the amount of Atg8-like proteins available for the initiation of autophagy, resulting in a decrease in autophagic flux, both in baseline conditions and after nutrient deprivation. Surprisingly, this evident autophagic defect did not affect the organismal viability (at least during the first 16 months of life), suggesting that minimal levels of autophagy are sufficient for maintaining cellular functions. We observed that cells from Atg4b-null mice exhibit a phenotype similar to that induced by the in vitro overexpression of a dominant-negative mutated form of Atg4b that might inhibit the access of all 4 Atg4-like proteases to their substrates (40) . We found that Atg4b was responsible for most of the in vivo proteolysis of mammalian Atg8 orthologs except Gate-16, which might be targeted by Atg4a or Atg4d, as previously suggested by in vitro studies (41, 42) . The generation of murine models deficient in Atg4a, Atg4d, or combinations of Atg4 orthologs will clarify the physiological roles of the 4 mammalian autophagins in the future.
Autophagy is required for proper otoconia development. In this work, we have also shown that the absence of Atg4b triggers defects in inner ear development, particularly in the vestibular system. Atg4b-deficient mice presented alterations in otoconial biogenesis that precipitated a balance disorder. It is noteworthy that other murine models with autophagy reduction, such as Beclin1 +/-or Atg16l1-hypomorphic mice (43) (44) (45) , have not been reported to exhibit balance-related disorders, suggesting that Atg4b -/-mice may present a more severe autophagy impairment than these models or that Atg4b could be involved in processes that are not related to autophagy yet relevant to otoconial development. However, we found that Atg5 -/-neonates present otoconial abnormalities similar to those discovered in Atg4b -/-mice, suggesting that autophagy itself is relevant to vestibular development.
Otoconia development is a process that requires the spatiotemporal orchestration of complex biochemical events (28, 36) . Given the complexity of vestibular morphogenesis, a variety of mutant mouse models presenting balance disorders have been studied in detail (46) (47) (48) . Although many of these mutants were isolated in the early 1950s after gonad irradiation-based mutagenesis, the molecular identity of the genes mutated in tilted-head (Th), twirler, or wocko mice remains elusive (28) . In this regard, it is remarkable that the Th locus maps to the same chromosomal region as the Atg4b gene (Supplemental Figure 6 ). Considering that Atg4b -/-mice show the same phenotypic alterations as Th mice, including an incomplete penetrance (49) , it is tempting to speculate that the inactivation of Atg4b might account for the Th phenotype. Unfortunately, this mutant strain is currently extinct (and frozen Th embryos kept at the Oak Ridge repository are not viable), making it impossible to experimentally validate this hypothesis.
In contrast to the Th locus, the genes mutated in other classical murine models for balance disorders have been well characterized. Currently, it is known that some strains showing otoconial abnormalities are deficient for components of the Bloc-1 and Ap-3 complexes, which are also required for proper melanogenesis and blood coagulation. In fact, the strains cappuccino, pallid, muted, or mocha, which are deficient for components of Bloc-1 and Ap-3 complexes, phenocopy the human Hermansky-Pudlak syndrome insofar as they exhibit hematological and pigmentation defects linked to otoconial abnormalities (50) . In this regard, our finding that autophagy-impaired cells manifest defects in the Ap-3 and Bloc-1 sorting complexes unravel a new and previously undescribed connection between vesicle sorting and the autophagic pathway. It is remarkable that no molecular evidence has been reported so far to explain the vestibular defects observed in mutant mice that lack subunits of the Bloc-1 or Ap-3 complexes. Our observation that mislocalization of otoconial core proteins is linked to defects in sorting complexes sheds some light on this issue and should be further evaluated, as the main vestibulum-specific deficiency of mice mutant for sorting complexes subunits may be the aberrant secretion and/or assembly of otoconial core proteins into the lumen of the utricle and saccule. Thus, a reasonable hypothesis for the observed otoconial abnormalities in Atg4b- and Atg5-null mice is that autophagy inhibition results in a transcriptional downregulation and thus instability of sorting complexes, which in turn leads to an impairment in otoconial matrix assembly and secretion and finally to otoconial abnormalities and balance disorders (Figure 8) . Consistent with this model, an essential role for autophagy has been recently proposed in melanogenesis, another process for which the activity of Ap-3 and Bloc-1 sorting complexes is essential (51) . The mechanism connecting autophagy disruption with the observed transcriptional alterations in sorting complexes is not clear. However, it has been recently reported that autophagy inhibition leads to profound p62-dependent transcriptional alterations (52) . The fact that both Atg5 -/- (27) and Atg4b -/-cells (Figure 2 ) abnormally accumulate p62 may mechanistically connect the observed transcriptional downregulation of Ap-3 and Bloc-1 subunits in both Atg4b -/-and Atg5 -/-cells. Further studies involving the generation of inner ear-specific Atg5 or Atg7 knockouts in which the p62 gene has also been disrupted will help to clarify this point.
Concluding remarks. The spectacular advancement of autophagy research over the last decade has revealed a variety of new and pathophysiologically relevant functions for this catabolic pathway. However, the fact that total autophagy impairment results in perinatal lethality has made necessary the use of alternative approaches to describe the in vivo physiological roles of autophagy. The generation of tissue-specific autophagy-deficient murine models has allowed for the identification of some tissue-specific functions of autophagy, although many others are likely unknown. Through the generation of Atg4b-deficient mice, we have clarified the in vivo role for this protease in the context of the autophagic machinery and unveiled a new function for autophagy in inner ear development and balance functions. This finding has been possible because Atg4b -/-mice present clearly reduced basal and induced autophagy levels but are viable until adulthood. Thus, we propose that Atg4b-deficient mice constitute an excellent model to study the putative impact of sustained reduced autophagic activity in organismal homeostasis. Finally, our findings may also have clinical implications, since balance disorders such as benign paroxysmal positional vertigo are acquiring growing clinical relevance and are relatively common among the elderly. Our observation that autophagy impairment affects vestibular function opens the possibility of new potential therapeutic approaches for these pathologies. In fact, it has been reported that autophagic activity decreases with age (53) . This decrease may be related to the observed agerelated degeneration of vestibular otoconia, in which many features resemble those of autophagy-deficient mutants, including the presence of giant and abnormally shaped crystals (54) . Thus, treatments aimed at maintaining normal autophagic activity in the elderly might constitute new approaches to the clinical management of balance-related disorders.
Methods
Reagents. Antibodies against Lc3, Gabarap, and Gate-16 were provided by T. Ueno from Juntendo University, Tokyo, Japan. Additional antibodies against Lc3, Gabarap (PM037), Atg5 (M153-3), and Gate-16 (PM038) for immunofluorescence analysis were from MBL International. Antibodies against Lc3a (12135-1-AP) and Atg8l (11010-1-AP) were from Proteintech. The antibody against p62 (Gp62-C) was from Progen. The antibody against ubiquitin, clone FK2 (PW8810-0500) was from Biomol. Antibodies against Flag (F-3165), actin (AC-15), and Atg4b (A2981) were from Sigma-Aldrich. Antibodies against Myc (2278) and HA (2367) were from Cell Signaling Biotechnology. Dysbindin antibody (AB15450) was from Millipore. The pallidin antibody was a gift from E. Dell'Angelica, and antibodies against Ap3-δ and Ap-3μ were provided by J.M. Falcon (CIC Biogune). Fluorescence-conjugated secondary antibodies for immunofluorescence analyses were from Invitrogen; qPCR expression assays were from Applied Biosystems.
Transgenic animals. Mutant mice deficient in Atg7 and Atg5 and transgenic mice expressing the fluorescent autophagosome marker GFP-LC3 have been previously described (11, 17, 26) . All animal experiments were approved by and conducted in accordance with the guidelines of the Committee on Animal Experimentation of the Universidad de Oviedo.
Generation of Atg4b-deficient mice. The targeted ES cell clones (A029E06)
were obtained from the GGTC. They were grown, expanded, and subsequently injected into C57BL/6 blastocysts to generate chimeras. Chimeric males were mated with C57BL/6 female mice, and the offspring heterozygous for Atg4b were used to generate homozygous null mice. In all experiments, homozygous Atg4b -/-mice and their corresponding WT controls were littermates derived from interbreeding of heterozygotes with a mixed background of C57BL6/129Sv. In all cases, genotypes were determined by Southern blot analysis of tail DNA.
RT-PCR. Total RNA was isolated from mouse tissues according to the method of Chomczynski and Sacchi (55) . About half of the obtained product was reverse transcribed using the RNA-PCR Core kit from PerkinElmer. A PCR reaction was then performed with mouse Atg4b-specific primers for 25 cycles of denaturation (94°C, 20 seconds), annealing (62°C, 20 seconds), and extension (72°C, 30 seconds). As a control, actin was PCR-amplified from all samples under the same conditions.
Expression in E. coli. The Lc3 sequence was amplified from murine cDNA. PCR primers were 5′-CCGTCCGAGAAGACCTTCAAGCAGC-3′ and 5′-TTGTTGGAGTCTTACACAGCCATTG-3′. The pGEX-3X vector was linearized using BamHI, and the GST sequence was removed by amplifying the vector with the primers 5′-CGATCTGCCTCGCGCGTTT-3′ and 5′-CATGAATACTGTTTCCTGTGTGA-3′. LC3 was then cloned into the vector, and the construct was transformed into E. coli strain DH10B. The bacteria were cultured until the cell density reached 0.8 (measured at OD600), and LC3 expression was induced with IPTG 0.5 mM for 2 hours. The bacteria were then centrifuged, washed with 1:10 vol PBS, centrifuged again, and resuspended in 1:20 vol PBS containing Complete protease inhibitors. Finally, bacteria were sonicated, and 2 μl of a 1:20 dilution of the lysate was analyzed by Western blot along with samples prepared from murine tissues.
Immunoblotting. Mice tissues were immediately frozen in liquid nitrogen after extraction, then homogenized in 20 mM Tris buffer, pH 7.4, containing 150 mM NaCl, 1% Triton X-100, 10 mM EDTA, and Complete protease inhibitor cocktail (Roche Applied Science). Once homogenized, tissue extracts were centrifuged at 13,000 g at 4°C and supernatants were collected. The protein concentration of the supernatant was evaluated by bicinchoninic acid technique (BCA protein assay kit; Pierce Biotechnology Inc.). A protein sample (25 μg) was loaded on 13% SDSpolyacrylamide gels. After electrophoresis, gels were electrotransferred onto nitrocellulose filters, and the filters were blocked with 5% nonfat dried milk in PBT (PBS with 0.05% Tween-20) and incubated with primary antibodies in 5% BSA in PBT. After 3 washes with PBT, filters were incubated with the corresponding secondary antibody at 1:10,000 dilution in 1.5% milk in PBT, and developed with Immobilon Western Chemiluminescent HRP substrate (Millipore).
Protein degradation. To label proteins, adult murine fibroblasts were incubated at 37°C for 48 hours in complete fresh DMEM (Sigma-Aldrich) containing 10% vol/vol FCS (Invitrogen) and 5 μCi/ml L-[ 3 H]-leucine (Amersham Pharmacia Biotech). Then, cells were washed once with PBS containing 2 mM L-leucine and chased at 37°C for 24 hours in complete DMEM containing 10% vol/vol FCS and 2 mM L-leucine to eliminate shortlived proteins. Proteolysis experiments and measurements of intracellular protein degradation were carried out as described previously (18) , using lactacystin to specifically inhibit proteasome-mediated degradation. Protein degradation was analyzed 1 hour after addition of lactacystin and after an additional 3 hours to ensure optimal inhibition and to avoid possible secondary effects of the inhibitor. All experiments were performed at least 4 times with duplicate samples and using independent cell lines.
Hydrodynamic delivery of naked cDNAs. Plasmid DNA was injected by hydrodynamic technique as previously described (24) . In brief, 25 μg of endotoxin-free plasmid DNA was prepared in 2 ml of sterile, pharmaceutical-grade saline at room temperature. Mice were restrained and the lateral tail vein was accessed with a 21-gauge needle (Tyco Healthcare Group). Administration of the solution was performed in 10 seconds or less without extravasation; each group was represented by 3 or more animals.
Quantitative real-time PCR. cDNA was synthesized using 1 to 5 μg of total RNA, 0.14 mM oligo(dT) (22-mer) primer, and 0.2 mM concentrations each of deoxynucleoside triphosphate and Superscript II reverse transcriptase (Invitrogen). Quantitative RT-PCR (qRT-PCR) was carried out in triplicate for each sample using 20 ng cDNA, TaqMan Universal PCR Master Mix (Applied Biosystems), and 1 μl of the specific TaqMan custom gene expression assay for the gene of interest (Applied Biosystems). To quantify gene expression, PCR was performed at 95°C for 10 minutes, followed by 40 cycles at 95°C for 15 seconds, 60°C for 30 seconds, and 72°C for 30 seconds using an ABI Prism 7700 Sequence Detection System. As an internal control for the amount of template cDNA used, gene expression was normalized to the mouse b-actin gene using the Mouse β-Actin Endogenous Control (VIC/MGB Probe, Primer Limited) TaqMan Gene expression assay (Applied Biosystems). Relative expression of the analyzed genes was calculated according to the manufacturer's instructions. Briefly, analyzed gene expression was normalized to b-actin in WT or Atg4b -/-derived samples using the following formula: gene of interest mean value - β-actin mean value (for at least 6 WT animals) = 100% for each analyzed gene. The same values for Atg4b -/-mice tissues were referred to those values.
Scanning electron microscopy. Otoconia morphology was visualized by scanning electron microscopy. Atg4b adult mice were anesthetized using a sublethal dose of ketamine (167 mg/kg) and xylazine (2 mg/kg) perfused through the left ventricle with 0.1 M sodium cacodylate (pH 7.2), followed by 20-30 ml 3.5% glutaraldehyde and 3 mM CaCl2 in 0.1 M sodium cacodylate (pH 7.2). For Atg5 embryonic mice, pregnant females were euthanized and embryos were extracted. Temporal bones were immediately dissected and fixed overnight at 4°C in the same perfusion buffer indicated above. Fixed adult and neonate samples were washed with 0.1 M sodium cacodylate (pH 7.2) and postfixed in 1% osmium tetroxide in 0.1 M sodium cacodylate (pH 7.2) for 1 hour. Samples were then dehydrated, dried in CO2, mounted, sputter coated with gold palladium and viewed on a Jeol JSM-848 scanning electron microscope at 15 kV.
Transmission electron microscopy. Inner ear tissues were dissected from perfused mice and fixed in 3% glutaraldehyde in 0.1 M sodium cacodylate (pH 7.2) for 1 hour at 4°C. After 3 washes in 0.1 M Sorensen's phosphate buffer, samples were postfixed with 1% osmium tetroxide for 1 hour and rinsed 3 times in Sorensen's buffer. Tissues were dehydrated in graded ethanol and infiltrated in 50% propylene oxide/50% resin for 1 hour, then placed in resin for another hour, and embedded in a resin-based mold for polymerization overnight in a 37°C oven. Ultra-thin sections (85 nm) were taken from each sample and analyzed on a Jeol (JEM-1011) transmission electron microscope at 60 kV.
Immunofluorescence. For immunofluorescence analyses of MEFs, cells were grown in coverslips, washed in PBS, and fixed in 4% paraformaldehyde in PBS at 4°C during 10 minutes. For paraffin sections, slides were deparaffinized and rehydrated. Slides or coverslips were blocked in 5% BSA (Sigma-Aldrich) for 10 minutes, incubated with primary antibodies for 1 hour at 37°C, washed in PBS, incubated for 40 minutes with secondary antibodies, thoroughly washed in water, and mounted in Vectashield (Vector Laboratories) containing DAPI for nuclear staining. For histology analysis, deparaffinized sections were stained with hematoxylin and eosin. Images of immunolabeled samples were obtained at room temperature with a laser-scanning confocal microscope (TCS-SP2-AOBS; Leica) using HC PL APO CS ×20 NA 0.70, HCX PL APO CS ×40 NA 1.25, and HCX PL APO Ibd BL ×63 NA 1.4 objective lenses. Images were acquired with LCS Suite version 2.61 (Leica), and the brightness/contrast was adjusted with Photoshop CS version 9.0.2 (Adobe).
Rotarod analysis. WT and Atg4b -/-mice at 20 weeks of age performed 1 rod trial on day 1 and 3 trials on the next 2 consecutive days. The rod accelerated from 4 to 40 rpm in 5 minutes and remained at maximum speed for the next 5 minutes. Animals were scored for their latency to fall (in seconds) for each trial and rested a minimum of 10 minutes between trials to avoid fatigue and exhaustion.
Analysis of GFP-LC3 embryos. Pregnant transgenic female mice overexpressing GFP-LC3 were perfused with 4% paraformaldehyde in 0.1 M PBS, pH 7.4. E15 embryos were harvested and fixed with the same fixative solution for at least 4 hours, followed by treatment with 15% sucrose in PBS for 4 hours, and then with 30% sucrose solution overnight. Tissue samples were embedded in Tissue-Tek OCT compound (Sakura Finetechnical Co. Ltd.) and stored at -70°C. Samples were then sectioned at 5-μm thickness with a cryostat (CM3050 S, Leica), air-dried for 1 hour, washed in PBS for 5 minutes, dried at room temperature for 30 minutes, and mounted with a conventional anti-fading medium. GFP-LC3 dots were observed in 5 independent visual fields from at least 5 independent mouse embryos in each using a Leica TCS sp2 AOBS confocal fluorescence microscope.
Fibroblasts extraction and culture. MEFs were extracted from E13 embryos. Briefly, embryos were sterilized with ethanol, washed with PBS, and triturated with razor blades. Samples were then incubated in DMEM (Gibco) overnight at 37°C and 5% CO2. The next day, cultured cells were trypsinized, filtered, and washed. Finally, MEFs were incubated at 37°C and 5% CO2 and used for the corresponding experiments. For inhibiting autophagy, MEFs were cultured during 24 hours in complete medium with 10 mM 3-methyladenine.
Statistics. All experimental data are reported as mean ± SEM. Statistical analyses were performed by the nonparametric 2-tailed Student's t test.
Statistical analyses were made using the Prism program version 4.0 (GraphPad Software Inc.). P values lower than 0.05 were considered significant.
